It was suggested that human cultured primary myotubes retain the metabolic characteristics of their donor in vitro.
O besity and type 2 diabetes mellitus (T2DM) are characterized by reduced insulin-stimulated glucose disposal and disturbances of lipid and oxidative metabolism (1, 2) . Numerous studies have shown that skeletal muscle is an important site of glucose storage and that muscle glycogen synthesis is the principal pathway of glucose dis-posal in healthy humans. Thus, defects in muscle glycogen synthesis are a dominant feature of T2DM (3) . Importantly, early studies in the 1990s reported that the diabetic phenotype is conserved in primary myotubes established from patients with T2DM. These studies highlighted that insulin-stimulated glycogen synthase activation and glycogen synthesis remain blunted in cultured myotubes from T2DM donors (4, 5) . Basal and insulin-stimulated glucose transports are also reduced in muscle cells cultured from T2DM subjects compared to nondiabetic control subjects (6) . Interestingly, insulin-stimulated glucose uptake measured in vitro correlated with insulin-stimulated glucose disposal measured in vivo during a euglycemic hyperinsulinemic clamp. Besides defects in glucose metabolism, other studies reported that disturbances in lipid oxidation are also retained in primary myotubes established from obese T2DM donors (7) . More generally, Ukropcova et al (8) reported that the preference for fat or glucose as fuel, ie, metabolic flexibility, measured in vitro in primary myotubes reflected the metabolic characteristics of their donor. Metabolic flexibility has been linked to ectopic fat deposition and insulin resistance (9, 10) , and can be improved by diet-induced weight loss and exercise training (11, 12) . Aerobic exercise training is effective in improving whole-body insulin sensitivity and muscle glucose disposal depending on the type of exercise, training volume, and duration (13, 14) . Although several mechanisms have been proposed to explain this physiological adaptation to training, it is still unclear whether this response is mediated by external factors from the neuroendocrine milieu, or intrinsic factors within skeletal muscle, or a combination of both (15) . Because skeletal muscle cell primary culture is a valuable model to study muscle substrate metabolism in a controlled environment and in the absence of external factors, we tested the hypothesis that metabolic adaptations to exercise training would be preserved in vitro in cultured primary myotubes from middle-aged obese subjects. For this purpose, we established primary culture of vastus lateralis from these donors before and after an 8-week aerobic exercise training intervention. We studied glucose and lipid metabolism, metabolic flexibility, as well as morphological and gene expression changes in paired skeletal muscle cell cultures.
Subjects and Methods

Clinical study
Middle-aged obese male subjects were enrolled in the clinical trial (no. NCT01083329) and EudraCT-2009 -012124 -85. The protocol was approved by the Ethics Committee of Toulouse University Hospitals, and all subjects gave written informed consent. They participated in an 8-week aerobic exercise training program in which paired biopsies were performed at rest before and after training. The participants were asked to refrain from vigorous physical activity 48 hours before presenting to the clinical investigation center, and they ate a weight-maintaining diet consisting of 35% fat, 16% protein, and 49% carbohydrates 2 days before the experiment. Anthropometric and blood parameters were measured, and maximal oxygen uptake (VO 2max ) was investigated on a bicycle ergometer by indirect calorimetry before and after the exercise training intervention. Body composition (considering a 3-compartment model) was determined using a total body dual-energy x-ray absorptiometer (DPX, Lunar Radiation Corp). Muscle biopsies of vastus lateralis weighing 60 -100 mg each were obtained using the Bergstrom technique. Pieces of muscle were blotted, cleaned, and snap-frozen in liquid nitrogen. In a subgroup of 5 subjects, muscle tissue was collected in DMEM low glucose-Glutamax/penicillin-streptomycin 2%/ fungizone 0.2% for primary cell culture before and after training intervention.
Exercise training
Aerobic exercise was performed at the Centre de Ressources, d'Expertise et de Performance Sportives of Toulouse. Exercise sessions consisted mainly of cycling and running 5 times per week for 8 weeks. Subjects exercised 3 times per week under supervision during the first 4 weeks and 2 times per week during the last 4 weeks. They exercised on their own during other sessions. All daily sessions consisted of at least a 20-minute warm-up at 35% VO 2max followed by progressively increasing exercise intensity (up to 85% VO 2max ) and duration (up to 1 h) throughout the training program. The subjects exercised at a target heart rate corresponding to 35-85% of their VO 2max . Heart rate was monitored with a Suunto T3 Cardiometer (MSE). Compliance with training was good, as checked by a training diary including dayto-day activities. The percentage of sessions completed was greater than 85%. Self-reported food intake remained unchanged throughout the training protocol (2165 Ϯ 366 vs 2146 Ϯ 230 kcal/d for pre-and post-training periods, respectively).
Primary cell culture
Chemicals and culture media were from Sigma-Aldrich or Life Technologies. Pieces of 40 -60 mg of total muscle biopsies were digested in a trypsin 0.25%/collagenase type IV 0.068%/ EDTA 0.05%/BSA 0.1% solution for 30 minutes (37°C, mild agitation) to isolate the stroma vascular fraction (SVF). Cells from the SVF were amplified in DMEM low glucose-Glutamax containing fetal bovine serum (FBS) 16%, human epithelial growth factor 10 ng/mL, dexamethasone 0.39 g/mL, BSA 0.05%, fetuin 0.5 mg/mL, gentamycin 50 ng/mL, and fungizone 50 ng/mL to reach confluence. Cells were then trypsinized (0.05% trypsin-EDTA) and frozen in a cryopreservation medium (DMEM, FBS 16%, dimethylsulfoxide 10%) until used.
Skeletal muscle cell sorting
Satellite cells (ie, quiescent mononuclear muscle cell progenitors) were immunopurified from thawing cells of the SVF, after a period of amplification in DMEM supplemented with 10% FBS and growth factors (human epithelial growth factor, BSA, dexamethasone, gentamycin, fungizone, fetuin), using the mouse monoclonal 5.1H11 anti-CD56 (also known as neural cell adhesion molecule 1) antibody (Developmental Studies Hybrid-oma Bank) and MACS cell technology (Miltenyi Biotech SAS) (16) . The satellite cell fraction purity was checked by flow cytometry (FACSCanto flow cytometer and FACSDiva software; BD Biosciences) using PE-Cy7 mouse antihuman CD56 or isotype antibodies (BD Biosciences). Differentiation of myoblasts (ie, activated satellite cells) into myotubes was initiated at approximately 80% confluence, by switching to ␣-MEM (minimum essential medium Eagle) low glucose-Glutamax with penicillin-streptomycin, 2% FBS, and fetuin. To study myogenic differentiation, myoblasts were lysed in RLT/dithiothreitol (2.5 mM) lysis buffer and stored at Ϫ20°C for mRNA extraction (d 0). The medium was changed every 2 d, and cells were grown typically up to 5 d (d 0 to d 4). Differentiated myotubes (d 4) were either lysed in RLT/dithiothreitol lysis buffer and stored at Ϫ20°C for mRNA extraction or used for lipid and glucose metabolism assays.
Palmitate oxidation assay
Myotubes were preincubated for 3 hours with [1- 14 C]palmitate (1 Ci/mL; PerkinElmer) and nonlabeled (cold) palmitate with or without glucose. Palmitate was coupled to a fatty acid (FA)-free BSA in a molar ratio of 5:1. To determine the relationship between FA oxidation and palmitate concentration (ie, adaptability assay), cells were incubated with a mixture of cold and radiolabeled palmitate at final concentrations of 20, 100, and 200 M palmitate. To determine the relationship between FA oxidation and glucose concentration (ie, suppressibility assay), cells were incubated with labeled palmitate, 100 M final concentration, and increasing concentrations of glucose (0, 0.1, 0.5, and 5 mM). After incubation, 14 CO 2 and 14 C-acid soluble metabolite were measured as previously described (17) . All assays were performed in duplicate, and data were normalized to cell protein content.
Neutral lipid molecular species analysis
Myotubes from palmitate oxidation assay were harvested in 0.2 mL SDS 0.1% to determine palmitate incorporation into triacylglycerols (TAGs), diacylglycerols (DAGs), and FA as previously described (18) . The lipid extract was separated by thinlayer chromatography using heptane-isopropylether-acetic acid (60:40:4, vol/vol/vol) as the developing solvent. All assays were performed in duplicate, and data were normalized to cell protein content.
Glucose oxidation assay
Myotubes were preincubated with a glucose-and serum-free medium for 90 minutes. This incubation was followed by a 3-hour incubation with D[U-
14 C]glucose (1 Ci/mL) and 5.5 mM of nonlabeled (cold) glucose in the presence or absence of 100 nM of insulin. After incubation, 14 CO 2 was measured as previously described (17) . All assays were performed in triplicate, and data were normalized to protein content.
Glycogen synthesis assay
After 90-minute incubation in serum-and glucose-free medium, myotubes were exposed to DMEM supplemented with D[U-
14 C]glucose (1 Ci/mL; PerkinElmer) in the presence or absence of 100 nM of insulin (Umulin; Eli Lilly) for 3 hours to study basal and insulin-mediated glycogen synthesis as previously described (19) . All assays were performed in triplicate, and data were normalized to protein content.
TAG and glycogen content determination
Pre-and post-training differentiated myotubes were scraped in PBS/0.2% Tween, sonicated, and used for total TAG content determination using free glycerol and triglyceride reagents from Sigma-Aldrich, and scraped in cold acetate/acetic acid buffer 0.2 M (pH 4.8) for total glycogen content. Cells were then sonicated and centrifuged for 10 minutes at 10 000 ϫ g to collect supernatants that were incubated 1 hour with amyloglucosidase (Sigma-Aldrich; 1000 mU/sample final concentration) at 55°C under mild agitation. Glucose was measured with Glucose GOD FS (DiaSys France). Controls were performed without added enzyme and subtracted to the free glucose concentration obtained in amyloglucosidase samples. All data were normalized to cell protein content.
Reverse transcription and real-time quantitative PCR (qPCR)
Total RNA from cultured myotubes was isolated in QIAGEN RNeasy mini kit (QIAGEN GmbH) according to the manufacturer's instructions. The quantity of the RNA was determined on a Nanodrop ND-1000 (Thermo Scientific). Reverse-transcriptase PCR was performed on a GeneAmp PCR System 9700 using the Multiscribe Reverse Transcriptase method (Applied Biosystems). Real-time qPCR was performed to determine cDNA content. Primers bought from Applied Biosystems are listed in Supplemental Table 1 (published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org). CPT1B (carnitine palmitoyltransferase I, muscle) primer (sense, TACAACAGGTGGTTTGACA; antisense, CAGAGGTGC-CCAATGATG) was provided by Eurogentech. The amplification reaction was performed in duplicate on 10 ng of the cDNA samples in a final volume of 20 L in 96-well reaction plates on a StepOnePLus real-time PCR system (Applied Biosystems) with the appropriate program. All expression data were normalized by the 2 (⌬Ct) method using 18S rRNA as internal control.
Determination of mitochondrial content
Mitochondrial DNA content was performed in duplicate on 10 ng of DNA isolated from cultured myotubes in QIAGEN DNeasy mini kit according to the manufacturer's instructions. LPL (lipoprotein lipase) primer (sense, CGAGTCGTCTTT CTCCTGATGAT; antisense, TTCTGGATTCCAATGCTT CG) and ND1 (NAD deshydrogenase 1) primer (sense, CCCTA-AAACCCGCCACACATCT; antisense, GAGCGATGGT-GAGAGCTAAGGT) were provided by Eurogentech and used at 300 nM in a final volume of 10 L in 96-well reaction plates on a StepOnePLus real-time PCR system (Applied Biosystems) with the appropriate program.
Western blot analysis
Muscle tissue pieces (25 to 30 mg) were homogenized in a buffer containing 50 mM HEPES (pH 7.4), 2 mM EDTA, 150 mM NaCl, 30 mM NaPO 4 , 10 mM NaF, 1% Triton X-100, 10 l/mL protease inhibitor (Sigma-Aldrich), 10 l/mL phosphatase I inhibitor (Sigma-Aldrich), 10 l/mL phosphatase II inhibitor (Sigma-Aldrich), and 1.5 mg/mL benzamidine HCl. Tissue homogenates were centrifuged for 25 minutes at 15 000 ϫ g, and supernatants were stored at Ϫ80°C. Solubilized proteins (25 g) from muscle tissue were run on a 4 -12% SDS-PAGE (Bio-Rad Laboratories), transferred onto nitrocellulose membrane (Hy-bond ECL; Amersham Biosciences), and incubated with the primary antibodies (1/1000) OXPHOS (MitoSciences), then secondary antibodies (1/10 000). Subsequently, immunoreactive proteins were visualized using the ChemiDoc MP Imaging System, and data were analyzed using the Image Lab 4.1 version software (Bio-Rad Laboratories). Glyceraldehyde-3-phosphate dehydrogenase (Cell Signaling Technology) served as an internal control.
Statistical analyses
Statistical analyses were performed using GraphPad Prism version 5.0 for Windows (GraphPad Software Inc). Normal distribution and homogeneity of variance of the data were tested using Shapiro-Wilk and F tests, respectively. Paired Student's t-tests were performed to determine the effect of training on anthropometric and clinical variables ( 
Results
Aerobic exercise training increases skeletal muscle oxidative capacity and improves glucose homeostasis in vivo
As expected, the 8-week training intervention increased VO 2max and improved whole-body glucose homeostasis as observed by the reduction in fasting plasma insulin level and homeostasis model of assessment for insulin resistance (HOMA-IR) ( Table 1) . No significant changes in body composition and plasma adiponectin and leptin levels were observed after training. Western blot experiments on vastus lateralis biopsy-derived proteins indicated that mitochondrial respiratory chain complexes were increased after training (Table 1 and Supplemental Figure 1 ).
Aerobic exercise training enhances glucose oxidation and glycogen synthesis in vitro
Satellite cells (ie, muscle cell progenitors) were immunopurified from vastus lateralis-derived SVF and differentiated into myotubes. Cell purity was checked by flow cytometry and reached 97.7 Ϯ 1.2% and 93.4 Ϯ 3.8% of CD56 ϩ cells before and after training, respectively (Supplemental Figure 2 ). Glucose oxidation and glycogen synthesis were assessed on paired biopsy-derived myotubes. Insulin induced glucose oxidation by 24% ( Figure 1A ) and glycogen synthesis by 188% ( Figure 1B ) in this cell model (P Ͻ .01 and P Ͻ .001, respectively). Importantly, exercise training improvements in glucose metabolism were retained in vitro. Exercise training improved basal glucose oxidation, as well as basal and insulin-stimulated glycogen synthesis in primary myotubes ( Figure 1, A and B) . This occurred independently of significant changes in total cell glycogen content (95.8 Ϯ 7.3 vs 80.9 Ϯ 7.7 g/mg proteins).
Effect of aerobic exercise training on lipid metabolism in vitro
We determined metabolic switching in vitro by measuring FA oxidation to increased concentrations of palmitate (ie, adaptability) and glucose inhibition of FA oxidation (ie, suppressibility). We first observed a nonlinear concentration-dependent increase of palmitate oxidation before exercise training (Figure 2A ; P Ͻ .001). This pat- tern of response remained unchanged after exercise training. Of interest, palmitate oxidation as measured ex vivo in biopsy samples was not significantly modified in response to exercise training (1075 Ϯ 271 vs 1110 Ϯ 404 nmol/2 h/mg protein; nonsignificant). We also show that palmitate incorporation into neutral lipids (TAG, DAG, and FA) remained unchanged in response to exercise training ( Figure 2B ). Also, no significant change in total TAG content was noted (19.78 Ϯ 4.97 vs 19.06 Ϯ 2.85 nmol/mg proteins).
Effect of aerobic exercise training on metabolic flexibility in vitro
We measured, as previously described (8), glucose suppressibility of FA oxidation in paired culture of primary myotubes. Increasing concentrations of glucose from 0 to 5 mM reduced palmitate oxidation rates in a concentration-dependent manner ( Figure 3A ; P Ͻ .001). Maximal glucose suppressibility increased by 53% (P Ͻ .05) in response to aerobic exercise training ( Figure 3B ).
Aerobic exercise training modulates metabolic gene expression in cultured primary myotubes
To understand how aerobic exercise training modulates metabolic responses in myotubes, we measured the mRNA level of several genes involved in glucose and FA metabolism. Of interest, we observed an up-regulation of GLUT1, PDHA1, and GYS1 (statistical trend) gene expression in response to exercise training ( Figure 4A ). In contrast, PDK4 gene expression, known to inhibit glucose 
Aerobic exercise training does not affect myogenic differentiation in vitro
Because exercise training could affect myogenic differentiation, we assessed myogenic differentiation capacity on paired biopsy-derived myotubes. No significant difference in morphology and gene expression patterns of satellite cells commitment PAX7 and of myosin heavy chain 7 (MYH7) expressions was observed in response to training ( Figure 5, A-C) . Similar results were obtained with MHY1 and MHY2 gene levels that were increased with differentiation (P Ͻ .01 and P Ͻ .001, respectively; Supplemental Figure 3 ) but were not differently expressed in pre-and post-training cultures.
Discussion
Regular physical exercise has repeatedly been shown to improve metabolic health. However, it is still unclear whether exercise training-mediated improvements in skeletal muscle function are stable when examined outside their native environment in vivo. In this study, we show that skeletal muscle cells retain an "exercise-trained phenotype" in vitro. Specifically, we demonstrate an enhanced basal and insulin-stimulated glucose metabolism in vitro in cultured myotubes obtained at baseline and after 8 weeks of aerobic exercise training, a classical metabolic response of aerobic exercise. Our data also suggest that environmental factors such as regular physical exercise induce a metabolic imprinting of skeletal muscle cell progenitor, ie, satellite cells. The metabolic imprinting may be permitted by signals exchanged between satellite cells and their related myofibers and/or by exposure to similar systemic signals (hormones, peptides, or metabolites). This finding is consistent with a recent study demonstrating that acute exercise induces epigenomic changes in human skeletal muscle (20) . The authors reported a state of promoter hypomethylation of key genes involved in the regulation of oxidative metabolism in response to an acute exercise bout.
In the current study, we first observed that our exercise training intervention was effective to increase VO 2max and whole-body glucose homeostasis as reflected by HOMA-IR index. This is in line with numerous studies (14, 21, 22) . In the same line, the expression of mitochondrial respiratory chain complexes increased after training, suggesting an overall improvement of the maximal oxidative capacity of skeletal muscle. Besides enhancing muscle glucose uptake, endurance exercise training has been shown to stimulate glycogen synthesis (23) . An increase in glycogen storage is a well-known physiological adaptation of exercise training to increase endurance capacity during submaximal exercise (24) . Elevated glycogen content is also a consequence of improved insulin action in skeletal muscle. Very interestingly, we show for the first time that both basal and insulin-stimulated glycogen synthesis are increased in primary myotubes cultured from biopsy samples obtained after exercise training. We also observed a higher basal glucose oxidation rate in myotubes cultured after exercise training. This was associated with a consistent up-regulation of GLUT1 and PDHA1 mRNA levels and a down-regulation of PDK4. GLUT1 is a high-affinity glucose transporter mostly involved in Figure 4 . Aerobic exercise training changes metabolic gene expression in cultured primary myotubes. A, Expression of genes involved in glucose (Glc) metabolism was analyzed by qPCR in myotubes derived from paired (ie, pre-and post-training) vastus lateralis muscle biopsies. Two-way ANOVA analysis revealed a significant effect of training (P Ͻ .01) and genes (P Ͻ .0001) with interactions (P Ͻ .0001). *, P Ͻ .05; ***, P Ͻ .001 vs pretraining (post hoc test). B, Expression of genes involved in FA metabolism was analyzed in the same myotubes. Data were expressed as fold change compared to pretraining condition (n ϭ 5).
basal glucose transport in human primary skeletal muscle cells (25) . Our data are in agreement with at least 1 crosssectional study reporting a higher basal glucose uptake and trend for increased GLUT1 mRNA in cultured myotubes from trained-vs sedentary-matched healthy men (26) . PDHA1 is a protein of the pyruvate dehydrogenase complex, which is a rate-limiting step in glucose oxidation by controlling pyruvate influx into the mitochondria. In contrast, PDK4 is the predominant pyruvate dehydrogenase kinase in skeletal muscle that inhibits the pyruvate dehydrogenase complex by phosphorylation (27, 28) . PDK4 is induced by high FA availability as observed during fasting. Thus, down-regulation of PDK4 promotes glucose oxidation. This also suggests that exercise training induced epigenetic changes to alter the transcription of metabolic genes. Lifestyle factors such as exercise and nutrition could influence epigenetic metabolic programming of muscle cells and predisposition to obesity and T2DM, as recently discussed (29) .
Because endurance exercise training has been shown to improve metabolic flexibility (11, 12) , we assessed 2 parameters of fuel switching in vitro previously characterized, ie, adaptability and suppressibility. Our data are in agreement with a previous study showing a dose-dependent increase in palmitate oxidation in response to increasing doses of palmitate (8) . However, no significant changes of in vitro adaptability to increasing concentrations of palmitate were observed in response to exercise training. No change in key ␤-oxidation gene (MCAD, CPT1B) expression was noted as well. We did not find significant changes in palmitate oxidation rates measured ex vivo on biopsy samples after exercise training either. The lack of effect of exercise training on in vitro fat oxidation rates is unclear at this stage. One hypothesis could be that exercise training volume and/or duration were insufficient to raise skeletal muscle fat oxidation significantly. In fact, whereas subtle changes in fat oxidation were observed in response to short-term training (10 d) in some studies (30) , significant changes in maximal fat oxidation rates of skeletal muscle are often observed with longer duration of exercise training up to 9 months (31). Thus, up-regulation of muscle fat oxidation is mostly observed during submaximal exercise but not in the resting state after exercise training (32, 33) . Additionally, the exercise training intervention did not affect palmitate storage rates in vitro. This excludes the possibility that higher storage of palmitate into TAG pools channels FA away from mitochondrial ␤-oxidation. Combined, these results highlight that the exercise training intervention did not impact significantly on lipid metabolism of skeletal muscle cells in vitro. However, in agreement with the higher basal glucose uptake observed in vitro after training, we found a greater glucose suppressibility of palmitate oxidation. A physiological concentration of glucose (5 mM) suppressed by about half the palmitate oxidation as predicted by the reverse Randle cycle (34). Increased glucose oxidation can lead to production of malonyl-coenzyme A and inhibition of carnitine palmitoyl-transferase I, the rate-limiting step of fatty acyl-coenzyme A entry into mitochondria.
It is noteworthy that the improvement of glucose metabolism observed in response to exercise training in vitro was independent of noticeable changes in satellite cells differentiation. Both satellite cells and differentiated myotubes had comparable morphological aspect before and after exercise training intervention. Moreover, no statistical changes in the expression of the quiescence factor PAX7 and of the structural protein MYH7 were observed in response to training in the early and late stages of the differentiation process toward myotube maturation. vastus lateralis muscle biopsies after 4 days of differentiation. B and C, Expression of the myogenic progenitor cell marker PAX7 (B) and of the myotube maturation marker myosin heavy chain 7 (MYH7) (C) were assessed by qPCR at day 0 (D0) and day 4 (D4) of differentiation (n ϭ 5). Two-way ANOVA analysis revealed a significant effect of differentiation (P Ͻ .05 and P Ͻ .001, respectively) but no effect of training. Collectively, our data show that aerobic exercise training-induced changes in glucose metabolism are retained in vitro in primary culture of skeletal muscle cells from obese donors. This fascinating observation suggests that skeletal muscle microenvironmental changes induced by endurance training lead to metabolic imprinting on myogenic progenitor cells. The myogenic progenitor cells, ie, satellite cells, are then reprogrammed to form new myofibers with a higher capacity for glycogen storage. These functional changes are likely mediated by epigenetic molecular events modulating metabolic gene expression. It will be interesting in future studies to examine whether changes in promoter methylation are associated with changes in metabolic gene expression in this setting. It will be interesting as well to investigate whether longer exercise training interventions and/or interventions using different types of exercise (high intensity, sprint interval, etc.) can also lead to functional changes in lipid metabolism that are retained in primary culture of skeletal muscle cells.
